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We present secondary electron 共SE兲 emission results from freely supported carbon/silicon nitride
共Si3N4兲 hybrid nanowires using scanning electron microscopy. We found that, contrary to bulk
materials, the SE emission from insulating or electrically isolated metallic nanowires is strongly
suppressed by the penetrating beam. A mechanism of the SE suppression by the positive specimen
charging is proposed, which is based on a total emission yield calculation using the Monte Carlo
technique. This finding provides an important basis for studying low-energy electron emission from
nanostructures under a penetrating electron beam. © 2008 American Institute of Physics.
关DOI: 10.1063/1.3032910兴
I. INTRODUCTION
1

Since the discovery of the Malter effect in 1936, secondary electron 共SE兲 emission from insulators by electron
bombardment has been a subject of experimental and theoretical studies for many decades, on a wide variety of applications including voltage contrast in scanning electron microscopy 共SEM兲,2–4 the field-enhanced SE emission,5,6
microchannel plates,7 plasma display panels,8 and electron
beam inspection tools9,10 for electrical failure in ultralarge
scale integration devices. Typical specimen configurations
studied so far include a bulk insulator,11,12 the thickness of
which is much larger than the penetration depth of the primary electrons 共PEs兲, and an insulating thin film formed on a
bulk conductive substrate,4,13 where the PEs may penetrate
through the film thickness. Especially the latter configuration
is of special importance because the relation between SE
emission and surface charging forms the basis of SEM imaging and metrology for planar semiconductor devices with
passivation layers.
Another important configuration, a thin insulator without
any supporting substrate 关freely supported insulator 共FSI兲兴
has not been investigated using SE emission. In fact, threedimensional device structures which have been proposed for
high-performance next-generation electronics require a FSI
structure as a building block.14–16 Thus in-depth understanding and proper interpretation of the SEM image of the freely
supported nanomaterials including FSIs are strongly
desired.17 Here, we perform detailed analysis of the SEM
contrast in one of the FSI structures, a freely supported nanowire. High-resolution scanning transmission electron microscopy 共HR-STEM兲 and energy dispersive x-ray spectroscopy
共EDS兲 confirm that the material under study is composed of
a metallic carbon nanofiber 共CNF兲 and an insulating silicon
nitride 共Si3N4兲 nanowire. The SEM images of the hybrid
nanowire reveal that the SE emission from an insulating part
a兲
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as well as an electrically isolated metallic part of the nanowire is strongly suppressed by the penetrating beam. This
phenomenon is explained using a proposed mechanism by
which the positive charging of the specimen due to the penetrating electrons strongly reduces the low-energy electron
emission.
II. EXPERIMENTAL

The nanowire used in this study was grown in the course
of optimizing the vertically aligned CNF growth using
plasma-enhanced chemical vapor deposition 共PECVD兲 with
nickel catalyst.18 A 20-nm-thick nickel 共Ni兲 catalyst layer
was prepatterned on a silicon wafer to form catalyst density
microarray chips,18 which provide a high-throughput methodology to examine the CNF growth with varying catalyst
island size 共1 – 6 m square兲 and catalyst spacing
共10– 20 m兲 in a single chip 共1.1⫻ 1.1 cm2兲. A gas mixture
of C2H2 and NH3 共1:4兲 is kept at 4 Torr during the growth.
Detailed reaction conditions are described elsewhere.18,19
The present specimen is obtained from Ni islands less than
3 m in diameter with 10 m spacing. As-grown samples
are carefully removed from the growth substrate to drop on
the lacey Formvar/carbon network on the copper microgrid
共200 mesh, Ted Pella兲 for imaging.
HR-STEM imaging is obtained using a Schottkyemission 200 keV STEM with a spatial resolution of 0.20
nm. EDS measurement is carried out with a standard Si共Li兲
x-ray detector mounted on a field-emission 30 keV SEM. For
SEM imaging, another field-emission SEM 共S-5500, Hitachi兲
is used, which enables one to vary beam energy from 0.5 to
30 keV with corresponding spatial resolutions of 1.6–0.4 nm.
Probe current is also varied from 5 to 50 pA depending on
the beam energy. The detectable energy windows for the signal electrons can be varied between the SE-dominated imaging 共the energy of signal electrons ⬍20– 50 eV兲 and the
backscattered-electron
共BSE兲–dominated
imaging
共⬎20– 50 eV兲, by optimizing the Wien filter condition in the
electron optics.20
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FIG. 2. 共Color online兲 EDS mappings of the hybrid nanowire: 共a兲 a TE
image, 共b兲 a carbon K-line map, 共c兲 a nitrogen K-line map, and 共d兲 a silicon
K-line map.

FIG. 1. 共Color online兲 关共a兲–共e兲兴 HR-STEM images of carbon/silicon nitride
hybrid nanowire. A stacked cone structure of graphitic layers with 0.34-nm
spacing is observed at the tip, and the Si3N4 single crystal rod is also seen
with 0.66-nm spacing. A schematic drawing of the nanowire structure is
shown in the inset of 共a兲.

III. RESULTS
A. Material characterization

Figure 1 shows HR-STEM images of typical as-grown
nanowires. As shown in Fig. 1共a兲, the material has a onedimensional structure with different morphologies at the tip
and the base. The tip portion exhibits cup-shaped graphitic
layers which is quite common in PECVD-grown CNFs.21–23
The graphitic layers are confirmed by the observed hexagonal 共002兲 lattice fringe with the spacing of 0.34⫾ 0.01 nm as
shown in Fig. 1共b兲. Under this CNF-like cap, a completely
different single crystal rod with a lattice fringe spacing of
0.66⫾ 0.02 nm is found 关Fig. 1共c兲兴. This spacing is consistently found in the entire nanowire down to the base 关Figs.
1共d兲 and 1共e兲兴, forming a central rod of the nanowire. In
other samples, different lattice fringes of 0.28⫾ 0.01 and
0.43⫾ 0.01 nm are also observed in similar parts of the
nanowire. At the base of the sample, tiny particles are found,
where no crystallinity is observed, suggesting that the particles are amorphous. Figure 2 shows the result of EDS elemental mapping of another nanowire with similar structure
as in Fig. 1. Again the CNF structure is found at the tip as
indicated in the STEM signal map 关Fig. 2共a兲兴, which is confirmed by the carbon K-line map in Fig. 2共b兲, where the
signal is only observed at the tip area and at the Formvar
network beside the sample as well. Nitrogen 共K-line兲 and
silicon 共K-line兲 signals are mainly observed from the central
rod, strongly suggesting the silicon nitride formation in the
area. Indeed, all the lattice fringes observed in HR-STEM are
consistent with those of the hexagonal ␣-Si3N4 single crystal
as summarized in Table I. Here the lattice spacings of hexagonal ␣- and ␤-Si3N4 crystals are calculated by using the
standard lattice constants of a = 0.7588 nm and c
= 0.5622 nm and a = 0.7604 nm and c = 0.2908 nm,
respectively.24 Thus, we can conclude that the material is a

hybrid nanowire composed of CNF and ␣-Si3N4, providing
an ideal nanostructure for the study of SE emission from the
FSI structure as schematically shown in the inset of Fig. 1共a兲.
Unfortunately, the identification of the amorphous particles
found at the base is difficult because of the absence of lattice
fringes.
While the detailed discussion on the growth mechanism
of the hybrid nanowires is outside the scope of the current
work, it should be noted that during plasma-enhanced or microwave CVD deposition, an adequate supply of gas-phase
nitrogen from the NH3 feedstock gas and the solid silicon in
the growth substrate can form Si3N4 nanostructures.25–27
Thus, the catalytic growth of the silicon nitride portion of the
wire could occur due to the local sputtering of the surrounding silicon substrate into the microenvironment where the Ni
islands are patterned. The Ni particles then serve as catalyst
to form the Si3N4 hybrid nanowire. It should be noted that
we only observe the hybrid Si3N4/carbon nanowire formation when there is uncoated silicon substrate around the patterned Ni island, which ensures adequate supply of Si during
the catalytic process occurring in the plasma-enhanced
growth process.
B. Scanning electron microscopy of the hybrid
nanowires

Figures 3共a兲–3共d兲 show a series of SEM images of a
hybrid nanowire on the lacey support with various beam energies ranging from 10 keV 关Fig. 3共a兲兴 down to 0.5 keV 关Fig.
3共d兲兴. Image acquisition is performed with a single slow rasTABLE I. Comparison of the lattice fringe spacings 共d兲 in HR-STEM with
the actual lattice spacings for ␣- and ␤-Si3N4 with corresponding Miller
indices 共hkl兲.

␣-Si3N4

␤-Si3N4

Measured d
共nm兲

共hkl兲

d
共nm兲

0.66⫾ 0.02
0.28⫾ 0.01
0.43⫾ 0.01

共100兲
共002兲
共101兲

0.672
0.281
0.431

共hkl兲

d
共nm兲

共100兲
共101兲

0.657
0.266
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FIG. 3. Series of SE-dominated SEM images of carbon/silicon nitride hybrid nanowire with different beam energies of 共a兲 10, 共b兲 5, 共c兲 1, and 共d兲 0.5
keV. The CNF tip is in contact with the lacey support.

ter scan of the electron beam, which takes 20 s for each
micrograph. The signal detector is used mainly to capture the
SE signal. As can be seen in Fig. 3共a兲, the 10 keV image
shows very weak SE signal intensity from Si3N4 compared
with the CNF tip; thus the signal contrast between the CNF
and Si3N4 is quite clear. This contrast, however, becomes
less prominent at lower beam energies, and below 1 keV the
SE signal from Si3N4 becomes comparable with that from
the CNF. A characteristic length scale of the PE penetration
depth called the maximum electron range R can be calculated
using the Kanaya–Okayama formula28 as
R = 27.6

A 5/3
E ,
Z8/9

共1兲

where R, A, , Z, and E are the electron range in nanometers,
the molecular weight in g/mol, the density in g / cm3, the sum
of the atomic numbers of consisting atoms, and the energy of
PEs in keV, respectively. The material parameters of Si3N4 of
A = 140.3 g / mol,  = 3.44 g / cm3, and Z = 70 lead to the result of R = 200 nm at E = 3.5 keV, which is the average diameter of the nanowire in Fig. 3. Therefore, it is reasonable
to assume that the clear contrast between the CNF and Si3N4
portions is observed only when the PEs penetrate through the
nanowire.
SE images of another nanowire with the similar morphology and diameter are shown in Fig. 4. Contrary to the
case in Fig. 3, the image of the nanowire in Figs. 4共a兲–4共d兲
shows no distinct contrast between the CNF and Si3N4 portions. At 30 keV the SE signal from both parts is much
smaller than that from the support material 关Fig. 4共a兲兴, and
gradually becomes comparable with decreasing beam energies 关Figs. 4共b兲–4共d兲兴. A notable difference between these
two is whether the CNF tip of the nanowire is attached to

FIG. 5. The signal and scan-rate dependence of the SEM contrast of the
Si3N4 nanowire with 30 keV beam: 共a兲 SE-dominated image with a single
slow scan 共20 s兲, 共b兲 SE-dominated image with multiple fast scans 共40
ms/frame, 128-frame averaging兲, and 共c兲 BSE-dominated image with single
slow scan 共20 s兲.

support network 共Fig. 3兲 or not 共Fig. 4兲. This result implies
that the electrical connection between the lacey support and
the metallic CNF restores the SE emission even under the
penetrating electron beam.
In Fig. 5, the differences in image contrast due to the
scan rate and the signal type are shown. This nanowire has
no CNF-like cap, forming a simple Si3N4 nanowire. The
beam energy is fixed at 30 keV for all of these micrographs.
Figures 5共a兲 and 5共b兲 show SE-dominated images, with a
single slow raster scan 共20 s兲 and multiple fast scans 共40
ms/frame and 128-frame averaging兲, respectively. While in
Fig. 5共a兲 the Si3N4 nanowire is almost invisible and only the
lacey support can be seen, fast scans 关Fig. 5共b兲兴 make it
slightly visible. Thus the SE signal intensity from the Si3N4
is scan-rate dependent, which is quite common in chargerelated SEM contrast.2 Another important signal comes from
BSEs. Figure 5共c兲 shows the BSE-dominated image of the
same nanowire. Contrary to the SE images 关Figs. 5共a兲 and
5共b兲兴, the Si3N4 rod emits a comparable amount of the BSE
signal with the lacey support.
The experimental observations from the SEM images of
the hybrid nanowires are summarized as follows:
共1兲 SE emission from Si3N4 is suppressed by the penetrating
PEs 关Figs. 3 and 5共a兲兴.
共2兲 SE emission from CNF is suppressed by the penetrating
PEs only when electrically isolated 共Fig. 4兲.
共3兲 SE emission intensity is partially recovered by the fast
and repetitive beam-scan 关Fig. 5共b兲兴.
共4兲 BSE emission is not suppressed by the penetrating PEs
关Fig. 5共c兲兴.
Due to the low-energy nature of SEs and the scan-raterelated signal intensity, specimen charging must be a key in
understanding these results.
IV. DISCUSSION
A. Secondary electron emission from bulk insulator

FIG. 4. Series of SE-dominated SEM images of carbon/silicon nitride hybrid nanowire with different beam energies: 共a兲 30, 共b兲 10, 共c兲 5, and 共d兲 2
keV. The CNF tip is electrically isolated.

In order to provide a satisfactory model to explain the
experimental results, we first review the theory of SE emission from bulk insulator.2,11 Generally in bulk samples, the
number of total emitted electrons per PE, or the total emis-
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2.0

sion yield 共E兲, has a universal energy dependence29 with a
broad peak as shown in Fig. 6共a兲. There are two crossover
energies Ec1 and Ec2 where the numbers of incoming and
outgoing electrons are balanced; thus 共Ec1兲 = 共Ec2兲 = 1. Ec1
is typically less than 100 eV, and Ec2 is between 500 eV and
2 keV, depending on the material. At Ec1 ⬍ E ⬍ Ec2, 共E兲 is
dominated by the SE yield ␦共E兲, or the number of emitted
SEs per PE, rather than the BSE yield 共E兲, defined as the
number of BSEs per PE, as shown in Fig. 6共a兲. Here we
adopt a widely accepted convention that the SE is defined by
the emitted electron whose kinetic energy is lower than 50
eV and the BSE energy is higher than 50 eV. In the case of
insulating samples, 共E兲 ⬎ 1 共Ec1 ⬍ E ⬍ Ec2兲 means positive
charge accumulation in the specimen. The surface positive
potential reduces the SE emission yield from the initial value
␦i共E兲 to the steady-state value ␦s共E兲; the electron balance is
achieved,7 i.e., 共E兲 = 1 关Fig. 6共a兲兴. Since the mean kinetic
energy of SEs is about 2–5 eV, a weak positive charging up
to a few eV is sufficient to stabilize the charging7 关Fig. 6共a兲兴.
At steady state, the SE emission yield is slightly reduced, but
still remains dominant in 共E兲. When 共E兲 ⬍ 1 共E ⬍ Ec1 or
E ⬎ Ec2兲 the negative potential is developed on the sample
surface, resulting in the beam deceleration and the local field
distortion.

B. Secondary electron emission from freely
supported insulator

In FSI, the energy dependence of the total emission yield
共E兲 should be completely different from that of bulk insulator. Actually, in addition to the contributions from the BSE
yield 共E兲 and the SE yield ␦共E兲, transmitted electron 共TE兲
yield 共E兲 and the SE emission yield from the back side
␦B共E兲 need to be added.30 In order to calculate the total emission yield, a previously developed Monte Carlo simulation
technique31,32 is applied here. The PE trajectories are tracked
down to 50 eV with a continuous energy-loss formula using
the modified Bethe stopping power,33,34

1.5

300 nm
500 nm

δ i(E)

1.0
Esup

0.5

EsupEnergy

FIG. 6. 共Color online兲 共a兲 Schematics of the electron emission yield 共E兲 of
the bulk insulator. Ec1 and Ec2 are the crossover energies where 共E兲 becomes unity. 共E兲 is the BSE yield, and ␦i共E兲 and ␦s共E兲 are the initial and
steady-state values of the SE yield ␦共E兲, respectively. Slight suppression of
SE emission from the positively charged bulk specimen surface at steady
state is illustrated. 共b兲 Schematics of the electron emission yield of the FSI.
Eon is the onset energy where the PEs start penetrating the sample. 共E兲 and
␦B共E兲 are the TE yield and the SE yield from the back side, respectively.
Strong suppression of SE emission from the positively charged freely supported film surface under the penetrating electron beam occurs above Esup.

100 nm
200 nm

σtot
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0
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FIG. 7. Calculated total emission yield 共E兲 共solid curves兲 and high-energy
electron emission yield H共E兲 共dotted curves兲 for five different Si3N4 film
thicknesses of 50–500 nm using Monte Carlo simulation. Arrows indicate
the two characteristic energies Eon and Esup for 500-nm-thick Si3N4, which
are defined as the onset energy of the electron transmission and the energy
above which the sum of the TEs and BSEs is equal to the number of incident
electrons, respectively.

−

冉

冊

1.166E
N AZ
dE
= 2e4
ln
,
ds
AE
J⬘

J⬘ =

J
,
1 + kJ/E

共2兲

共3兲

where s is the path length along the PE trajectory, e is the
electron charge, NA is the Avogadro number, k is a material
constant, and J is the mean ionization energy of the material.
A and Z are the molecular weight and the total atomic number, respectively. For Si3N4, k = 0.85 and J = 115 eV are used
based on the Z dependence of these numbers.34 The Mott
elastic cross sections for silicon and nitrogen atoms provided
in Ref. 35 are employed in the calculation. BSEs or TEs are
counted when the PE scatters out of the specimen, depending
on which side of specimen the electron escapes. Although
the actual sample is cylindrical, an infinite sheet 共thin film兲 is
adopted for the simulation because it becomes straightforward to distinguish the BSEs and TEs in the film, and it does
not alter the conclusion. Regarding SE emission, we assume
that all energy loss ⌬E by PEs along a finite step length ⌬s,
⌬E = 兩dE / ds兩⌬s, obtained from Eq. 共2兲, is converted to the
kinetic energy of generated SEs. Thus the number of generated SEs is obtained by dividing ⌬E by the SE generation
energy . This number inside the specimen at a particular
depth exponentially decays with a mean free path  before
the SEs escaping from the specimen surface.  and  are
fitted to reproduce the experimental E dependence of the SE
yield.29,31,32 For Si3N4,  = 4.5 nm and  = 110 eV were reported in Ref. 36.
The calculated total emission yields 共E兲 of the freely
supported Si3N4 films with various thicknesses of 50, 100,
200, 300, and 500 nm are plotted in Fig. 7 with solid curves.
As can be seen, after 共E兲 shows a small hump at around 1
keV, it increases again to form a broader peak. The small
hump is due to the SE emission ␦共E兲 from the entrance side
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as in the bulk sample, and it is not affected by the film
thickness because the major SE contribution is confined in
the surface skin depth on the order of . The broader peak,
however, strongly depends on the film thickness. To see the
origin of this peak, we define the high-kinetic-energy emission yield H共E兲 as the sum of the BSE and TE yields
关H共E兲 = 共E兲 + 共E兲兴, which is plotted in the same figure
with dotted curves. As shown in Fig. 7, it shows a steep
increase at the onset of the broader peak of 共E兲. Since 共E兲
has a weak energy dependence,2 this increase comes mainly
from the increase in 共E兲 due to the penetration of PEs. The
position of the peak is moved to higher energies with increasing thickness in accordance with Eq. 共1兲.
By analogy with the bulk insulator case, the difference
between 共E兲 and H共E兲 corresponds to the initial value of
the total SE emission yield ␦i共E兲, and the difference between
the horizontal line of 共E兲 = 1 and H共E兲 represents the
steady-state value of the total SE emission yield ␦s共E兲 as
shown in Fig. 6共b兲. Unlike the case of the bulk insulator,
when the penetration depth R共E兲 becomes much larger than
the sample thickness t, H共E兲 approaches unity,

H共E兲 = 共E兲 + 共E兲 ⬃ 1.

共4兲

This means that all the incident PEs are backscattered or
transmitted, not impeded inside the specimen. In this case,
the initial value of the SE emission yield ␦i makes 共E兲
larger than 1, inducing positive charging. Since the steadystate solution imposes the condition

共E兲 = H共E兲 + ␦s共E兲 → 1,

共5兲

the comparison with Eqs. 共4兲 and 共5兲 leads to the complete
suppression of the steady-state value of the SE yield, ␦s共E兲
→ 0. This mechanism elucidates the suppression of the SE
emission in Si3N4 under the penetrating PEs as well as electrically isolated CNF 共observations 1 and 2兲. The CNF portion in contact with the support material does not show the
SE suppression because the electron supply from the support
material prevents it from charging. By reducing the beam
energy, H共E兲 becomes much smaller than unity as in the
bulk sample; thus the SE emission is not fully suppressed.
The SE signal increase by the fast scan can be explained
in the following way. The discussion given here is based on
the steady state of the specimen charging; thus the complete
SE suppression is realized only when the positive charge
accumulation is stabilized. A detailed theoretical study4 of
the charge irradiation on the SiO2 film with comparable current density 共10−5 A / cm2兲 indicates that nearly 1 s elapses
before a strong positive surface potential 共⬃50 eV兲 is developed, which is far longer than the time interval between repetitive scans 共40 ms兲. Thus the positive charging is not fully
developed after each scan, leaving the SE signal finite under
the fast scan 共observation 3兲. Finally, the BSE signal intensity should not be affected much as long as the steady state is
achieved by reducing the number of SEs having lower kinetic energies than BSEs 共observation 4兲.
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E [keV]
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FIG. 8. Si3N4 thickness 共t兲 dependence of the three characteristic energies,
the onset energy Eon, the suppression energy Esup, and the Kanaya–Okayama
energy EKO. Eon and Esup are extracted from the Monte Carlo results in Fig.
7. EKO is the minimum energy for penetration obtained from Eq. 共1兲.

C. Thickness-energy relation for secondary electron
suppression

Based on the result of the high-kinetic-energy emission
yield H共E兲, two characteristic energies can be defined. One
is the onset energy of the H共E兲 increase, Eon, where the PEs
start penetrating, and the other is the suppression energy
Esup, above which the H共E兲 becomes unity and the suppression of SEs occurs. Eon is estimated by extrapolating the
linear part of H共E兲 at the onset as schematically indicated in
Fig. 7 for 500-nm-thick Si3N4. The estimation of Esup is
rather ambiguous since H共E兲 gradually converges to 1. Here
we define Esup as the energy at which the H共E兲 becomes
unity with 1% tolerance; therefore H共Esup兲 = 0.99. Another
characteristic energy can be defined as the Kanaya–Okayama
energy EKO, which corresponds to the minimum energy to
penetrate the film. From Eq. 共1兲, the relation between EKO
and the film thickness t is deduced as EKO = 0.14t0.6 for
Si3N4. Eon and Esup extracted from Fig. 7 for each Si3N4
thickness are plotted in Fig. 8 as a function of the film thickness t together with EKO. As expected, the onset energy Eon
is close to but slightly larger than EKO, and can be fitted with
a similar curve Eon = 0.19t0.6. On the other hand, Esup becomes much larger than EKO, and is fitted by the formula
Esup = 0.54t0.6. This means that the beam energy required to
suppress the SE emission is almost four times larger than the
minimum energy of the beam transmission, EKO. Upon the
fitting, we assume that both energies have the same power of
0.6 as that of Kanaya–Okayama energy EKO. Although a
more precise fit with different formula would be possible, the
errors in Monte Carlo simulation and in determining Eon and
Esup limit the accuracy of such fitting. The E-t region above
the curve E = Esup共t兲 corresponds to the area where the SE
emission is completely suppressed, and that below E
= EKO共t兲 to the area where the specimen is considered as bulk
in terms of beam irradiation, as indicated in Fig. 8.
V. CONCLUSION

A quantitative analysis of the SE emission from the
freely supported nanowire has been presented. Strong sup-
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pression of the SE signal in the insulating part, as well as in
the electrically isolated metal, is well explained by the proposed model based on the positive charging induced by the
penetrating beam. The relation between the specimen thickness and the beam energy for the SE signal suppression has
been deduced using Monte Carlo simulation. The study provides an empirical model of SE emission from freely supported nanostructure, showing that the positive charging
largely modifies the SEM image contrast of the nanoscale
insulator, including thin films and nanowires.
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